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Abstract

The DIRC (acronym for Detection of Internally Reected Cherenkov (light)) is

a new type of Cherenkov ring imaging detector based on total internal reection

that is used for the �rst time in the BaBar detector at PEP-II ring of SLAC. The

Cherenkov radiators are long rectangular bars made of synthetic fused silica. The

photon detector is a water tank equipped with an array of 10,752 conventional

photomultipliers. The �rst year operational experience in the BaBar detector is

presented using cosmic data and collision data in the energy region of the �(4S)

resonance.

DISCLAIMER

This document was prepared as an account of work sponsored by the United States Government.

While this document is believed to contain correct information, neither the United States Gov-

ernment nor any agency thereof, nor The Regents of the University of California, nor any of their

employees, makes any warranty, express or implied, or assumes any legal responsibility for the ac-

curacy, completeness, or usefulness of any information, apparatus, product, or process disclosed, or

represents that its use would not infringe privately owned rights. Reference herein to any speci�c

commercial product, process, or service by its trade name, trademark, manufacturer, or other-

wise, does not necessarily constitute or imply its endorsement, recommendation, or favoring by the

United States Government or any agency thereof, or The Regents of the University of California.

The views and opinions of authors expressed herein do not necessarily state or reect those of the

United States Government or any agency thereof or The Regents of the University of California.
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1 Introduction

The physics program of the BaBar [1] detector is to observe CP violation and to probe

the Standard Model of particle physics by collecting enough decay channels to overconstrain

the built-in unitarity. The PEP-II is an asymmetric e+e� collider, with beam energies

of 9 GeV electrons upon 3.1 GeV positrons [2], which annihilate into �(4S) resonances

with a resulting boost of � ' 0:56. This allows precise measurements of time dependent

asymmetries in B meson decays which can be related to the CP violating phase in the

Cabbibo-Kobayashi-Maskawa matrix [3]. Accordingly, BaBar is a typical collider detector

but asymmetrically placed around the interaction point to ensure nearly full solid angle

coverage in boost (forward) direction, too. With a design luminosity of 3� 1033cm�2s�1 the

production rate of B and anti-B meson pairs is 3 Hz.

The experiment started with cosmic data taking in December 1998, with most of its

parts assembled. In May 1999, BaBar moved onto the beamline and �rst �(4S) collision

data were recorded. In September of this year, a maximum peak luminosity of greater than

1033cm�2s�1 was achieved, and until October about 1:0 fb�1 of data on and o� the �(4S)

resonance with a ratio of roughly 9:1 have been collected.

A new type of detector for particle identi�cation [4] is being used in the BaBar ex-

periment at the SLAC B Factory (PEP-II). This barrel region detector is called DIRC, an

acronym for Detection of Internally Reected Cherenkov (light). The DIRC is a Cherenkov

ring imaging device which utilizes totally internally reecting Cherenkov photons in the

visible and near UV range [5].

A major application of the DIRC in the BaBar experiment is the separation of pions

from kaons up to 4 GeV/c particle momentum in exclusive B-decays, in order to distin-

guish the channels B0 ! �+�� from B0 ! K+�� for example. In the quartz radiator, the

Cherenkov threshold for kaons is p = 460 MeV/c. Up to a momentum of 700 MeV/c, the

BaBar drift chamber can provide complementary information based on the dE/dx measure-

ment. The di�erence in the Cherenkov angle between a pion and a kaon at p = 4.0 GeV/c is

as small as 6.5 mrad (the same di�erence occurs between a muon and a pion at 700 MeV/c).

Therefore, good �=K separation requires resolutions on the Cherenkov angle for a track

of 2 mrad or better. Moreover, the avor content of the recoil B( �B) needs to be tagged

by identifying kaons in its successive decays. In addition, � and charm spectroscopy pro�t

from kaon identi�cation. The particle identi�cation system is located radially between the

drift chamber and the CsI(Tl) crystal calorimeter of BaBar. Therefore, a small radiation

length (X0 = 14% from quartz, 19% from full assembly) is preferred to avoid deterioration

of the excellent energy resolution of the calorimeter. This minimizes the radial dimension

also, and keeps the amount of required calorimeter material (cost) small. Finally, to operate

successfully in the high-luminosity environment of PEP-II, the Cherenkov detector has to

be radiation hard, fast and tolerant of background.
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2 The Principle of the DIRC

The DIRC uses thin, long rectangular bars made of synthetic fused silica [6] (H � W � L =

17 mm � 35 mm � 4900 mm) both as Cherenkov radiators and light guides (refractive index

n1 � 1:47). Bars are glued together from four pieces, each 1225 mm long. All together, 144

bars are arranged in a 12-sided polygonal barrel with a radius of about 84 cm around the

beam axis. The DIRC bars extent 178 cm forward from the interaction point of BaBar

covering 78% of the polar solid angle in the center-of-mass frame. The azimuthal coverage is

93% , since there are gaps between the bars at the 12 sides of the radiator polygon. Each 12

bars are housed in a bar box surrounded by nitrogen at NTP (index n2 � 1). The geometry

of the DIRC (one bar) is shown schematically in Figure 1.

Figure 1: Schematical view of the DIRC.

A charged particle of velocity � � 1 which traverses a quartz bar emits Cherenkov

light in a cone of half opening angle �C = acos(1=(� n1)) around the particle trajectory.

Since the refractive index of the radiator bar n1 is larger than
p
2, a certain fraction of the

Cherenkov photons will be totally internally reected, regardless of the incidence angle �dip
of the tracks, and propagate along the length of the bar. To avoid the instrumentation of

both bar ends with photon detectors, a mirror is placed perpendicular to the bar axis on one

end. It returns most of the photons (reectivity � 92%) to the other instrumented bar end.

Since the bar has a rectangular cross section and is made of high optical precision (mean

surface reectivity � 99.96% per bounce at 442 nm photon wavelength), the initial direction
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of the photon remains unchanged during its propagation, modulo left/right, up/down and

forward/backward ambiguities. The latter is resolved by the measurement of the photon

arrival time. Remaining ambiguities are dealt with by pattern recognition during Cherenkov

angle reconstruction. Photons exiting the bar in downward direction, or with large angles in

radial direction, are partly recovered into the instrumented area by a prism at the readout

end. This wedge is 91 mm long and the top side has a 30o opening angle. The bottom side is

slightly tilted upwards by 6 mrad. It reduces the required photon-sensitive area by more than

a factor of two. The photons are pinhole-focused by expanding through a stando� region

(SOB) �lled with 6000 liters of puri�ed water (index n3 � 1:33) onto an array of densely

packed photomultiplier tubes (PMTs) at a distance of about 1200 mm from the bar end. The

transverse dimensions of the bar (`hole') are small compared to the PMT plane (`screen'). A

thin (9 mm) quartz window separates the quartz bars from the water in the SOB. The ratio

of refractive indices n1=n3 is nearly wavelength independent and reduces internal reection at

the readout side of the bar. Furthermore, the exit angle is magni�ed by this ratio, increasing

the position resolution of the photons. The detection plane is divided into 12 sectors, each

equipped with 896 traditional ETL phototubes type 9125 [7] (� 25% detection e�ciency at

400 nm wavelength, spectral range: 250 nm { 650 nm). They are arranged in a toroidal,

pointing geometry facing into the water. The diameter of the photocathode is 24.5 mm.

Hexagonal reectors (light catchers) with water-resistant Rhodium surfaces surround the

PMT cathodes improving the detection e�ciency by about 20%.

An iron enclosure around the SOB, together with a bucking coil, suppress the fringe

�eld from the BaBar solenoid below 0.6 Gauss, ensuring that the degradation of the PMT

e�ciency is less than 5% [8].

The photon detector provides a measurement of the photon exit angles with respect to

the bar axis (�x; �y) and the photon arrival time. These parameters have to be corrected

for the photon pathlength, the wedge reections and bar ambiguities by pattern recognition.

The DIRC photons do not form typical rings in the photomultiplier plane as RICH detectors

do. See, for example, the event display in Figure 2 showing the photons of a cosmic muon

which traverses a bar in the upper and the lower cylinder. This leaves two half rings and

some photons in the wings.

With the knowledge of the particle's track direction �dip and momentum j~pj, one can

calculate the polar and azimuthal Cherenkov angle �C and �C . From clustering in time and

angle one can assign photons to the pseudoring and determine a most probable value for

�C . The particle mass m follows in principle from these parameters:

m = j~pj �
q
n21cos

2�C � 1 : (1)

Additional constraining information on the particle identi�cation is the number of pho-

tons NPE registered per track:

NPE / �
d

cos�dip
sin2�C ; (2)

with � = �(L; �) being the photon collection e�ciency of the full apparatus, and d the bar

thickness. The � is a function of the pathlength in quartz and water L and of the wavelength
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Figure 2: Event display of a cosmic muon event. The cylinder represents the drift chamber,

in which the two muon trajectories are plotted, while the screen is the SOB seen from the

backward side. Dots correspond to PMT hits.

of the photon �. The number NPE can be compared with the expectations for di�erent

particle hypotheses. It becomes the only information close to a particle threshold, where NPE

tends to be zero, while lighter particles would still produce a sizable amount of Cherenkov

light. This is the veto mode operation of the DIRC. Figure 3 shows the number of detected

photons for cosmic particles versus the track dip angle. The minimum number of photons is

about 23 and becomes as high as 60 for tracks with large dip angles in forward or backward

direction. Hence, the DIRC acceptance is well suited for the asymmetric distribution of

charged tracks from e+e� collisions.

3 Requirements

A typical Cherenkov photon in the quartz bar has a wavelength of 400 nm (visible blue),

a pathlength of 6 { 10 m and experiences some 300 bounces on the bar surfaces before

exiting; this places severe requirements on the surface �nish, edge sharpness and geometrical

precision. The bars are square to better than 0.4 mrad and parallel to better than 0.5 mrad.

Edges are sharp to 5 �m or better. The achieved RMS surface roughness is 0.5 nm. The

average transmission measured for the DIRC quartz is 99.8% per meter. The production of

576 high-quality fused silica bars was challenging. For the �rst run of BaBar until October

1999 only 5/12 of the DIRC were �nished, after this date all quartz bar boxes were installed.

The resolution of the photon arrival time is important to keep the beam background low.

At the B Factory, bunch crossing occurs every 4.2 ns. The bunch arrival is accompanied by
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Figure 3: Number of photons versus track dip angle for cosmic muons (� � 1).

secondary particle production from interactions with impurities in the beam pipe vacuum or

in the beam pipe itself. Its much higher current (� 1 A; nominal 2 A) and more complicate

beam guidance make the positron beam (LER) the dominant background source. The LER

beam halo can hit the magnets in the DIRC beam tunnel after the interaction point and

scattered secondaries produce Cherenkov light in the water tank. Therefore, additional

lead shielding was installed. The HER beam (� 0.6 A) enters BaBar from the backward

direction through the inner ring of magnetic shielding. The water tank is practically located

outside of the acceptance volume due to the forward asymmetry of the e+e� annihilations.

Given the highest luminosity achieved so far, the background amounts to about 60 kHz

per tube with variations of�20 kHz depending on the PMT position with respect to the beam

pipes. This means that at most �ve background photons are found within a time window

of 6 ns in the whole SOB, to be compared to about 300 signal photons in a multihadron

event with 10 charged tracks in average. Cosmic rays entering the SOB producing a large

number of water Cherenkov photons (80 { 120 Hz / tube) and electronic noise are negligible

contributions to the background. The system has no dead time up to an occupancy of

200 kHz per tube, and reaches its operational limit at 1 MHz per tube.

A sampling of 0.525 ns is provided by a TDC chip [9]. The DIRC's overall time resolution

is then determined by the 1.6 ns intrinsic PMT signal width. In a �rst step, the photon arrival

time is determined with respect to the L1-trigger of BaBar provided by the drift chamber,

and photons are collected within an interval of 10 ns. The hit time can be improved to 1.6 ns
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in spread by calculating the mean arrival time of a photon bunch generated by the track after

correction for the photon pathlengths. The next step is to recover o�ine the corresponding

true bunch crossing time to arrive at an absolute reference. An LED light asher system

is used for frequent and automated tube-to-tube time calibration and to monitor long-term

stability.

4 Resolution and Performance

Figure 4: Resolution of the Cherenkov angle reconstruction per photon for collision data

with up to four signal tracks in the DIRC.

The Cherenkov angle resolution per reconstructed photon can be written as the following

quadratic sum [4]:

��2C; tot = ��2C; production + ��2C; transport

+��2C; imaging + ��2C; detect : (3)

The production uncertainty, ��C; production, is dominated by the chromatic dispersion of
5.4 mrad within the bars. Transport errors, ��C; transport are caused by smearing down the
bar and the wedge (non parallel sides, non planar surfaces, and non orthogonal sides and
faces), and is measured to be about 1 mrad. The detection uncertainty is obtained from the
simple expression:

��C;detect '

p
((radial bar size)2 + (PMT size)2)=12

� 7 mrad (4)
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Figure 5: Resolution of the Cherenkov angle reconstruction per track for Bhabha events.

for the pinhole detector system adopted by the DIRC. The residual �measured
C � �

expected
C

resolution per phototube for collision events with less than �ve tracks, each associated with

at least 15 photons, is plotted in Figure 4. The double gaussian �t corresponds to signal

and background contributions of which the signal peak has a resolution (per photon) of

about 10 mrad. The background height is less than 10% of the signal and comes from

combinatorics and secondary track (delta rays) light production. Its exact composition

is still under investigation. In case of high multiplicity collision data also track-to-track

background plays a role. Then di�erent Cherenkov rings cross, and the photon assignment

has to be disentangled by testing di�erent combinations. The background in the single

photon angle distribution can be twice as high in comparison to cosmics or di-muon events.

Figure 5 shows the measured Cherenkov angle resolution per track for Bhabha events from

the collision data. Positrons were selected with an average momentum of 3.2 GeV/c pointing

in the backward direction. A resolution of 3.0 mrad is achieved, while 2.7 mrad is expected.

A constant resolution term arises from the error in the track direction, ��C; track, as well as

in the momentum and is presently about 2.5 mrad; the average number of photons is 40.

For a particle with momentum p and � = p=E � 1 entering a radiator of refractive index

n1, the number of standard deviations of separation between particle species A and B with

masses mA and mB is approximately given by the formula [10]:

N� '
jm2

A �m2
Bj

2p2
p
n2 � 1

1

��C; tot
: (5)

The e�ectiveness of particle separation depends inversely on the refractive index, limiting

the DIRC particle identi�cation capability to the relatively low momenta that are typical

for B Factories. The �C resolution in Bhabhas corresponds to a ��K separation of better

than 3.5 standard deviations at 3 GeV/c momentum.
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An example of the �rst DIRC physics application, Figure 6 shows the invariant mass

spectrum of inclusive K�, originating from the decay D0 ! K��� with and without the

DIRC identi�cation of the kaon. The DIRC selection corresponds to a background rejection

factor of 14 and an e�ciency of approximately 70%. The strategy, so far, is to improve in

purity, while algorithms still have to be tuned for the signal yield.

Figure 6: Invariant mass spectrum of the inclusive K� spectrum without (left-hand plot)

and with (right hand plot) use of the DIRC particle identi�cation for the kaon based on 50K

hadronic events. The mass peak corresponds to the D0 ! K��� resonance.

5 Summary

The DIRC is a new type of Cherenkov detector for particle identi�cation at BaBar, suit-

able for �-K separation for momenta up to 4 GeV/c. The analysis of cosmic ray and �rst

collision data indicate that the DIRC capabilities meet the design requirements. The precise

timing resolution prevents the Cherenkov angle reconstruction from experiencing signi�cant

deteriorations from machine background. High-luminosity runs began at the end of October

1999 with the DIRC completely installed.
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